viruses, potexviruses, carlaviruses and apple chlorotic leaf spot virus), can be characterized by additional conserved sequence motifs. Based on the available results of biochemical studies and site-directed mutagenesis of the alphavirus proteins, it is hypothesized that this domain may be involved in methylation of the cap during viral RNA maturation. Unlike the other conserved domains, the RNA-dependent RNA polymerase and the RNA helicase, the motifs typical of the putative methyltransferase domain are universal within the Sindbis-like supergroup but are not found in the proteins of any other viruses, constituting a distinctive hallmark of this supergroup.
Positive-strand RNA viruses encode several domains with strongly conserved sequences which are found primarily in proteins mediating genome replication and expression. The three most prominent domains include (i) the core domain of the RNA-dependent RNA polymerase, (ii) the putative NTP-binding domain of the RNA helicase and (iii) the (putative) proteinase related to chymotrypsin-like proteinases. Only the polymerase domain is found in all positive-strand RNA viruses (Koonin, 1991) . The other two domains are encoded by genomes of viruses from large overlapping subsets (Goldbach, 1987; Zimmern, 1988; Gorbalenya et al., 1989a, b; Goldbach et al., 1991) .
An additional conserved region has been identified in the nsP1 protein of alphaviruses and the N-terminal domains of the large replicative proteins of tricorna-and tobamoviruses (Ahlquist et al., 1985) . Recently, a close relationship has been identified between the N-terminal domains of the respective proteins of potex-and tymoviruses (Rozanov et al., 1990; Ding et al., 1990) . Here we report the results of computer-assisted compari-sons which expand each of these two families of Nterminal domains of viral replication proteins, demonstrate that they contain common sequence motifs and discuss their possible functions.
Amino acid sequences of proteins of the following viruses were analysed: the alphaviruses Semliki forest virus (SFV), Sindbis virus (SNBV), Ross River virus (RRV), O'Nyong-Nyong virus (ONNV) and Venezuelan equine encephalitis virus (VEEV); the tobraviruses pea early browning virus (PEBV) and tobacco rattle virus strain SY (TRV); the tobamovirus tobacco mosaic virus strain Vulgare (TMV); the hordeivirus barley stripe mosaic virus (BSMV); the tricornaviruses alfalfa mosaic virus (AMV), bromegrass mosaic virus (BMV), cucumber mosaic virus (CMV) and tomato aspermy virus (TAV); the furovirus beet necrotic yellow vein virus (BNYVV); hepatitis E virus (HEV); the rubivirus rubella virus (RubV); the tymoviruses ononis yellow mosaic virus (OYMV), eggplant mosaic virus (EMV), kennedya yellow mosaic virus (KYMV) and turnip yellow mosaic virus (TYMV); the potexviruses white clover mosaic virus (WCIMV), narcissus mosaic virus (NMV), potato virus X (PVX), papaya mosaic virus (PMV), clover yellow mosaic virus (CYMV) and foxtail mosaic virus (FMV); the carlavirus potato virus M (1989) , that of PEBV from MacFarlane et al. (1989) , that of TAV from Bernal et al. (1991) , that of RubV from Dominguez et al. (1990) , that of ONNV from Levinson et al. (1990) , that of KYMV from Ding et al. (1990) , that of CYMV from Sit et al. (1990) , that of F M V from Bancroft et al. (1991) , and that of ACLSV from German et al. (1990) . The other sequences were from the Swissprot databank (Release 18). Local similarity searches were done using the program DOTHELIX, delineating sequence segments with similarity scores exceeding the random expectation by a defined number of standard deviations (S.D.; Leontovich et al., 1990) . Multiple alignments were generated using the program OPTAL, including the evaluation of the alignment significance by a jumbling test (Gorbalenya et aL, 1989a) . The resulting alignment of the N-terminal domains of viral replication proteins is shown in Fig. 1 . Our comparisons confirmed the existence of two distinct groups of these domains, the 'altovirus' group (_~phavir-uses, t obamoviruses, tobraviruses, hordeiviruses, tricornaviruses, HEV, furoviruses and probably rubiviruses) and the 'typovirus' group t(Lvmoviruses, ootexviruses, carlaviruses and ACLSV). All the alignments within each of these groups showed highly significant scores of more than 8 S.D. (altovirus group), or even of over 15 S.D. (typovirus group). In agreement with this observation, the extent of sequence divergence within the altovirus group was obviously higher than that within the typovirus group (Fig. 1) .
The alignments of the two groups of viral proteins encompassed six (altovirus group) and seven (typovirus group) distinct conserved motifs, designated I, Ial, Ia2, II, Ilal and IV, and I, Itl, II, Iltl, IIt2, IIt3 and IV, respectively (Fig. 1, 2) . Local similarity searches and unsuccessful attempts to generate longer alignments showed that motifs I and IV do define, respectively, the N-and C-terminal boundaries of the sequences showing conservation between relatively distantly related proteins (e.g. nsP1 of alphaviruses and the other proteins within the altovirus group). Specific problems were encountered during analysis of the sequence of the Nterminal domain of the non-structural polyprotein of RubV. Despite a high alignment score (10.5 S.D.) when compared with the other sequences in the altovirus group, the RubV sequence contained dramatic deviations from the consensus patterns in the otherwise highly conserved motifs Ia2 and II. On the other hand, translation of the alternative reading frames in this part of the RubV RNA revealed these motifs (not shown). Confirmation of the RubV sequence in an independent study (J. Wolinsky, personal communication) seems to rule out trivial sequencing errors. Thus, it remains to be determined whether unusual mechanisms such as multiple frameshifts or RNA editing might be exploited for the expression of this part of the RubV genome. For the moment, we prefer to withhold the attempts to generate a complete alignment of the putative RubV methyltransferase sequence with those of other viruses, and show in Fig. 1 only those pieces of this sequence which aligned with reasonable confidence.
Direct comparison of the sequences of viral proteins belonging to the altovirus and typovirus groups failed to reveal significant similarity except between one short segment in the HEV sequence and the proteins of the typoviruses (see below). However, visual inspection of the two alignments suggested that three of the motifs delineated in each of them (designated I, II and IV in Fig. 1 ) might be related. Thus the two alignments were combined, yielding convincing scores of 5-0 and 13-0 S.D. for two overlapping segments, of which the N-terminal one was from motif I to motif II, and the C-terminal from motif II to motif IV. The final alignment contained four invariant amino acid residues, His in motif I, the AspXXArg signature in motif II, and Tyr in motif IV (Fig. 1, 2 ). Around these conserved residues, a good correspondence between the consensus patterns for the two groups of viral proteins was observed. The same was true for the portion of the alignment including the tightly packed motifs Iltl, IIt2 and IIt3 in the proteins of the typovirus group, suggesting that this portion of the alignment should be considered an additional motif conserved in both groups of viral proteins (motif III). Moreover, highly significant similarity extending into motif IV was observed in this region in HEV and the typoviruses (Fig. 2a) , this being the segment showing the highest similarity when the entire non-structural polyprotein of HEV and the large replication proteins of the typoviruses were compared (not shown). Taken together with the high score (above 10 S.D.) obtained for the portion of the alignment spanning motifs I to III (Fig. 1) , this observation supports the significance of the similarities between the typovirus and the altovirus group proteins in motif III.
On the other hand, motifs Ial, Ia2 and Ilal, which showed clear patterns of conserved residues within the altovirus group, had no obvious counterparts in the corresponding proteins of the typovirus group; conversely, motif Itl was specific for the typovirus group (Fig. 1,  2b ). This suggested that, along with possible similarities, significant structural and functional differences may exist between the proteins of these two groups.
The lengths of the polypeptide chains between motifs I and IV differed widely, ranging from 161 amino acid residues (tymoviruses) to 232 residues (alphaviruses). The characteristic size of the conserved domain was 210 to 230 residues in the altovirus group compared to 165 to 170 residues in the typovirus group. However, the range in size of this domain in the two groups overlapped, the shortest domain of the altovirus group containing 184 residues (HEV) and the longest in the typovirus group containing 191 residues (PVM). Deletions and insertions were distributed unevenly along the alignment, with three compact regions spanning motifs I to II, III and IV separated by segments of varying lengths. The segment of the altovirus group alignment encompassing motif Ilal appeared to be deleted in the sequences of the typovirus group (Fig. 1,2b) .
The experimental data on the mutagenesis of the gene encoding nsPl of SNBV are in good agreement with the alignment obtained. Substitution of Gin for the invariant His in motif I is lethal for the virus (Niesters & Strauss, 1990) , suggesting the functional importance of this amino acid residue. Moreover, other genetic and biochemical studies with SNBV have provided certain clues as to the possible function of the conserved Nterminal domain. In particular, it has recently been demonstrated that nsP1 expressed in bacteria possesses RNA methyltransferase activity which is probably involved in cap methylation during viral RNA synthesis (Mi & Stollar, 1991) . Mutations increasing the affinity of nsP1 for S-adenosylmethionine (ado met) map close to motif II (Mi et al., 1989; Mi & Stollar, 1990 ; Fig. 1 ). Thus, following the suggestion of Mi and co-workers, this motif appears to constitute a part of the ado metbinding site. On the other hand, it has recently been shown that the main mutations affecting the guanylyltransferase activity (the other activity normally involved in the capping of RNA) of nsPl and those impairing the function of nsP1 required for negative-strand RNA synthesis map outside the conserved N-terminal domain, although one mutation with a secondary effect on the guanylyltransferase activity is located in the vicinity of motif IV (Scheidel & Stollar, 1991; Hahn et al., 1989; Wang et al., 1991) . Taken together, these data suggest that the N-terminal domain of nsP1 harbours the methyltransferase activity of a virus-specific RNAcapping enzyme. The conserved motifs are likely to constitute the catalytic site of this enzyme, although additional functions for some cannot be ruled out. It is tempting to speculate that methyltransferase activity may be shared by the homologous N-terminal domains of the large replicative proteins in all members of the Sindbis-like supergroup of viruses.
In addition to the conservation of sequence motifs, a distinctive feature of the putative methyltransferase domains is their typical location in close proximity to the N termini of processed (alphaviruses, tymoviruses and probably RubV and HEV) or non-processed (all other viruses of the Sindbis-like supergroup) large replicative proteins upstream from the putative NTP-binding domain (Fig. 2, 3) . The conservation of the distance from the N terminus to motif I, even in viruses belonging to the altovirus and typovirus groups (with the only significant deviation in BNYVV), may reflect some unknown functional constraint.
The findings presented here show that all Sindbis-like positive-strand RNA viruses (Goldbach, 1987) Methyltransferase; HEL 1, superfamily 1 helicases (Gorbalenya et al., 1989b) ; POL 3, supergroup 3 RNA-dependent RNA polymerase (Koonin, 1991) . The scheme is not drawn to scale, but the conserved domains are shown roughly in agreement with their relative sizes.
replicative proteins, in addition to the polymerase and helicase domains described previously (Fig. 3) . Unlike the latter two domains, the putative methyltransferase domain appears to be specific for the Sindbis-like supergroup. Despite extensive searches, we failed to identify counterparts of the motifs conserved in this domain in the protein sequences of other positive-strand RNA viruses with capped genomes (that is, coronaviruses, flaviviruses, pestiviruses, carmoviruses and related small plant viruses). Thus the methyltransferase motifs can be considered the best identifiers of this supergroup.
The existence of such hallmarks is compatible with the results of phylogenetic analyses of the RNA-dependent RNA polymerases which have defined Sindbis-like viruses as an evolutionarily compact cluster (Koonin, 1991) . The putative phylogenetic trees constructed for the methyltransferase and helicase domains (M. N. Rozanov, unpublished results) and for the polymerases (Koonin, 1991) display similar topologies; at least two main clusters corresponding to altovirus and typovirus group sequences are invariably observed. An important corollary of these findings is that despite extensive gene shuffling in positive-strand RNA viruses (Morozov et al., 1989) , the oriented array of three conserved domains, methyltransferase-helicase-polymerase, is conserved in all viruses of the Sindbis-like supergroup with nonsegmented genomes and in furoviruses (Fig. 3) , emphasizing the trend for evolution of the replicative gene module as a compact entity.
